Xenotransplantation of human acute myeloid leukemia (AML) in immunocompromised animals has been critical for defining leukemic stem cells. However, existing immunodeficient strains of mice have short life spans and low levels of AML cell engraftment, hindering long-term evaluation of primary human AML biology. A recent study suggested that NOD/LtSzscid IL2Rcc null (NSG) mice have enhanced AML cell engraftment, but this relied on technically challenging neonatal injections. Here, we performed extensive analysis of AML engraftment in adult NSG mice using tail vein injection. Of the 35 AML samples analyzed, 66% showed bone marrow engraftment over 0.1%. Further, 37% showed high levels of engraftment (410%), with some as high as 95%. A 2-44-fold expansion of AML cells was often seen. Secondary and tertiary recipients showed consistent engraftment, with most showing further AML cell expansion. Engraftment did not correlate with FrenchAmerican-British subtype or cytogenetic abnormalities. However, samples with FLT3 mutations showed a higher probability of engraftment than FLT3 wild type. Importantly, animals developed organomegaly and a wasting illness consistent with advanced leukemia. We conclude that the NSG xenotransplantation model is a robust model for human AML cell engraftment, which will allow better characterization of AML biology and testing of new therapies.
Introduction
Acute myeloid leukemia (AML) is a disease resulting in an uncontrolled proliferation of functionally immature hematopoietic cells with an increasing incidence in adults 65 years and older. Although effective molecular therapies exist for chronic myeloid leukemia and acute promyelocytic leukemia, no single therapy has been identified to treat the majority of patients affected with AML. The majority of AMLs are genetically diverse and, therefore, present a challenge to develop targeted therapies. Therefore, there is a critical need to develop robust animal models to study the complex biological processes associated with a developing leukemia in vivo.
Non-obese diabetic mice with severe combined immunodeficiency (NOD/SCID) have been used with success to study morphological and biological characteristics of human AML in vivo. [1] [2] [3] However, the level of AML engraftment in NOD/ SCID (NS) mice is frequently modest with typical engraftment levels of 0.1-5% of the mouse bone marrow. 1 In addition, prolonged engraftment of leukemic cells in this breed of mice was limited by the development of spontaneous thymic lymphomas and a reduced life span. 4, 5 New strains of mice engineered with targeted deletion of the b 2 -microglobulin gene within an NOD/SCID background (NSB) have resulted in models with defects in MHC class I expression and decreased natural killer (NK) cell function that are better suited for studying the progression of diseases such as AML. 6 However, recent reports have showed that a targeted deletion in the g-common chain in NS mice (NOD/LtSz-scid IL2Rgc null (NSG)) results in the severe impairment of B, T, and NK cell function and provides an improved environment for growth and development of human cells. NSG mice also have an improved life span of 490 weeks and are not prone to develop thymomas. 7 One earlier report has suggested that craniofacial neonatal injection of NSG mice with primary AML cells could lead to high engraftment, but extensive characterization of the model with the more commonly used intravenous (IV) injection methodology has not been described. 8 This report describes a comprehensive analysis of the engraftment of 35 primary human AML samples in the NSG mouse strain. For these studies, we injected unsorted leukemic cells obtained by leukopheresis from AML patients consisting of at least 80% blasts into recipient NSG animals. Similar to the NS model, approximately two-thirds of samples engrafted, however, the level of engraftment was significantly higher and ranged up to 90% of the mouse bone marrow. Bone marrow and spleen were the primary sites of leukemic cell infiltration among the specimens with the highest levels of engraftment (above 10%). Unlike earlier reports, we observed limited peripheral blood engraftment in only the robust AML samples that engrafted. Secondary and tertiary transplants of leukemic cells into NSG mice retained phenotypic characteristics of the original sample and were significantly expanded in comparison to earlier described immunocompromised animal models engrafted with human leukemic cells. 1, 6 Leukemic engraftment was not limited to CD45 þ CD33 þ human cells in a few select AML samples, as cytotoxic T-cell expansion was also seen. Our results provide a thorough examination of the engraftment of a diverse set of leukemic samples and a robust leukemic in vivo model ideally suited for therapeutic studies with the ability to expand and isolate adequate quantities of cells for molecular analysis. Mice NSG mice were produced at the University of Pennsylvania using breeders obtained from Jackson Laboratory (Bar Harbor, ME, USA). Mice were housed in sterile conditions using HEPAfiltered microisolators and fed with irradiated food and acidified water. Transplanted mice were treated with antibiotics (neomycin and polymixin) for the duration of the experiment.
Materials and methods

Primary cells
Transplantation of human leukemic cells
Adult mice (8-10 weeks old) were sublethally irradiated with 250 cGy of total body irradiation 24 h before injection of leukemic cells. Leukemia samples were thawed at room temperature, washed twice in PBS, cleared of aggregates and debris using a 0.2 mm cell filter, and suspended in PBS at a final concentration of 5-10 million cells per 200 ml of PBS per mouse for IV injection. Daily monitoring of mice for symptoms of disease (ruffled coat, hunched back, weakness, reduced motility) determined the time of killing for injected animals with signs of distress. If no signs of distress were seen, mice were analyzed 12 weeks after injection except as otherwise noted. For secondary and tertiary recipient animals, a range of 2.5-10 million unsorted human CD45 þ CD33 þ viable cells from bone marrow and/or spleen of primary or secondary recipients were transferred into individual recipients by IV injection.
Assessment of leukemic engraftment
NSG mice were humanely killed in accordance with IACUC protocols. Bone marrow (mixed from tibias and femurs), spleen, liver, and kidney were dissected in a sterile environment, flushed in PBS and made into single cell suspensions for analysis by flow cytometry (FACS Calibur, FACS Canto, FACS LSR II-BD Biosciences, San Jose, CA USA) and HEMA3 staining of cytospins (Fisher Scientific, Middletown, VA, USA). Bone marrow, liver, kidney, and partial spleens were fixed in Accustain Formalin Solution 10% (Sigma-Aldrich, St Louis, MO, USA) and were processed by the Histology Core at the Children's Hospital of Philadelphia. Histologic specimens of mouse bone marrow were decalcified and paraffin embedded, slides were made and stained with hematoxylin and eosin (H & E), reticulin ( Jones Method), and Masson's trichome stain for assessment of tumor necrosis and fibrosis as described earlier. 10 In addition, spleen, liver and kidney were paraffin embedded and slides were made and stained with H & E. Peripheral blood was obtained after killing through cardiac puncture or by retro-orbital bleeds before killing. Whole mouse blood was stained with human CD45-and CD33-specific antibodies followed by red-cell lysis using FACS lysing solution (Becton Dickinson, San Jose, CA, USA). Leukemic cells in peripheral blood were quantified using CountBright Absolute counting beads (Invitrogen, Carlsbad, CA, USA) and the limit of detection was determined to be 10 cells per ml of whole mouse blood. Red-cell lysis with 0.8% ammonium chloride solution (Stem Cell Technologies, Vancouver, Canada) was performed before flow cytometric analysis. All images were taken at Â 50 magnification using a Nikon 80i microscope coupled to a Leica DFC320 CCD camera and acquired with Leica FireCam 1.4 Software.
Immunohistochemistry
The 4 mm thick tissue sections were stained using the Bond-maX automated immunohistochemistry system (Leica Microsystems, Bannockburn, IL, USA). Antigen retrieval was performed using ER2 buffer (Leica Microsystems). Primary antibody against CD4 (1:100 dilution, Vision Bio-System/Leica Microsystems), CD8 (1:200 dilution, Novacastra/Leica Microsystems Inc.), Granzyme B (1:20, LabVision, Fremont, CA, USA), Perforin (1:20, LabVision), or T-cell receptor g/d (1:20, Endogen, Rockford, IL, USA) was incubated for 30 min at room temperature and the bound antibodies were detected using the bond polymer refine detection method (Leica Microsystems) following the manufacturer's protocol. For the remaining antibodies, 4 mm thick tissue sections were stained using the DakoCytomation Autostainer (Dako, Carpinteria, CA, USA). Tissue sections were de-paraffinized and endogenous peroxidase was blocked by treating with 3% hydrogen peroxide in absolute methanol for 30 min. Sections were covered with normal horse or goat serum (Vector Laboratories, Burlingame, CA, USA) for 30 min, primary antibody for 30 min, biotinylated secondary horse anti-mouse antibodies, or goat anti-rabbit antibodies (Vector) at 1:200 for 30 min, strepatvidin-biotin-complex (Vector) for 30 min, and diaminobenzidine (Dako) for 5 min, then counterstained with hematoxylin for 15 s. Antigen retrieval was performed with heat retrieval in EDTA buffer pH 8 (Dako) for CD3 using the Decloaking Chamber (Biocare Medical, Concord, CA, USA); and with heat retrieval in citrate buffer pH 6 (Dako) for TIA-1 (data not shown). No antigen retrieval was performed for CD20 and CD57. The following primary antibodies and their dilutions were used: CD3 (1:200, Dako), CD56 (1:50. Santa Cruz, Santa Cruz, CA, USA), CD57 (1:50, Novacastra), and TIA-1 (1:100, Abcam, Cambridge, MA, USA).
Fluorescence in situ hybridization
Nuclei from cytogenetic cell pellets from bone marrow were analyzed by fluorescence in situ hybridization. The MLL (mixed lineage leukemia) probe set was purchased from Vysis (Abbott Laboratories, Downer's Grove, IL, USA). The probes were applied to slides of the tumor cells and co-denatured at 75 1C on an Isotemp 125D heat block (Fisher Scientific, Pittsburgh, PA, USA). Slides were incubated at 37 1C overnight in a moist slide moat (Boekel Scientific, Feasterville, PA, USA). They were then washed in a 0.4 Â SSC solution at 73 1C for 2 min, followed by a 1-min wash in 2 Â SSC/0.1% NP-40 and counterstained with DAPI (Sigma, St Louis, MO, USA). Fluorescent signals from 100 to 200 cells were evaluated at Â 100 with a Nikon Eclipse E800 fluorescence microscope equipped with the proper filter sets. An Applied Imaging System (Santa Clara, CA, USA) was used to record images of representative cells.
Statistical analysis
Using an engraftment criterion of 40.1% human CD45 þ CD33 þ by flow cytometry to establish a biologically significant cutoff, bone marrow engraftment was considered as a binomial variable. The Fisher's exact test (Stata Verson 9.0, College Station, Texas, USA) was performed to test for association between FLT3 genotype (ITD and D835 considered in aggregate) and engraftment.
Results
NSG mice show robust engraftment of primary human AML samples
To study the engraftment of AML in NSG mice, we chose 35 samples representing a diverse group of AML classified according to the French-American-British and World Health Organization classification systems (Supplementary Table 1 ).
11,12
Eight -10-week-old mice were sublethally irradiated 1 day before IV injection of 5-10 million mononuclear cells from samples. On average, samples were 90-95% leukemic blasts. Mice were routinely analyzed 12 weeks after injection except where otherwise noted. A representative analysis of the gating strategy used to quantify viable human CD45 þ CD33 þ AML cells harvested from bone marrow and spleen of recipients is shown ( Figure 1a Figure 1b , third, fourth, and fifth panels) shows additional sites of leukemic infiltration after robust NSG engraftment of numerous AML samples. Engrafted leukemic cells displayed morphological characteristics representative of the original French-American-British subtype injected, showing the expansion of the original leukemia and not an outgrowth of a leukemic subclone (data not shown). Low levels of peripheral blood engraftment were only seen in the high engrafters (data not shown). In contrast to earlier reports, no consistent correlation between spleen enlargement and efficiency of engraftment was observed in NSG mice among all samples tested. 13 These results initially suggested that NSG mice engrafted with human AML samples would display features of the human disease.
To determine the quantitative level of engraftment, analysis of bone marrow, spleen, and peripheral blood was performed routinely by flow cytometry. The percentage of engraftment was determined as the number of cells expressing human CD45 and CD33 over the total number of viable cells harvested per mouse bone marrow or spleen multiplied by 100 (Figure 1c) . AML samples were categorized as high (410%), low (o10% and 40.1%), and non-engrafters (o0.1%) based on the percentage of leukemic cells in NSG bone marrow as determined by flow cytometric analysis (Figure 1c ; Supplementary Table 1) . Mean engraftment percentages in the bone marrow per cohort of mice injected with AML samples show that significant levels of engraftment are achievable in a large number of samples tested, showing the robustness of engraftment of the NSG animal model in comparison to NS and NSB animal models historically used in these studies (Figure 1c) .
Earlier studies have shown variability in time to tumor cell engraftment and suggest that prolonging the incubation time could increase the percentage of engrafting animals or the level of engraftment.
14 Prolonging the incubation time of leukemic samples that displayed modest levels of engraftment at 12 weeks in NSG mice significantly enhanced the percent bone marrow engraftment in some samples (AML collections 878 and 391), but not others (AML collection 438) (data not shown). This shows that in contrast to other types of cancers, time to leukemic cell engraftment can vary significantly in a heterogeneous disease such as AML.
Preferential engraftment of primary AML specimens with FLT3 mutations
We next analyzed variables associated with engraftment. Samples expressing FLT3/ITD or an FLT3 D835 point mutation were analyzed to determine whether their expression correlated with increased leukemic cell engraftment in the NSG strain, as has been shown earlier in NS mice. 15 A statistically significant difference (Po0.05) between the engrafted and non-engrafted cohorts of AML samples based on FLT3 mutation status (Figure 1d ) was observed. This result suggests that the presence of FLT3 mutations in AML correlates with an enhanced ability to engraft in NSG mice and is consistent with the enhanced engraftment capability of samples with FLT3 mutations observed in NS mice. 15 Overall, these data show that, in contrast to leukemic engraftment in NS and NSB mouse models, robust engraftment of unsorted human AML mononuclear cells is readily achievable in the NSG mouse and thus provides a useful tool to study the effects of therapies in a leukemic model of AML representative of what is seen in patients.
Efficient secondary and tertiary engraftment of human AML into NSG mice shows the presence of leukemiainitiating cells
Although improved engraftment of AML has been reported in NSG mice, earlier studies have introduced AML cells into newborn NSG primary and secondary recipients to determine the presence of leukemia-initiating cells. 8 These studies are technically difficult and require large amounts of sorted CD34 þ CD38À AML cells (10 000-500 000) not always readily available from bone marrow aspirates. In addition, Taussig et al. as well as preliminary data (not shown) suggest that earlier sorting of cells with antibodies to antigens associated with leukemiainitiating cells can lead to antibody-mediated clearance of these populations and can mask the heterogeneity of SCID leukemiainitiating cells (SL-IC) within human AML cell populations. 16 To determine whether AML from leukopheresis samples contain self-renewing leukemia-initiating cells, we harvested and pooled cells obtained from bone marrow and spleen of AMLengrafted primary recipient NSG mice and transferred 2.5 to 10 million unsorted human CD45 þ CD33 þ cells per secondary recipient mouse. As with primary recipients, engraftment was determined by daily monitoring for symptoms of disease or at 12 weeks when bone marrow and spleen engraftment of AML blasts was determined. As has been shown in NS mice, 2 human AML engraftment into secondary NSG recipients showed the presence of self-renewing leukemia-initiating cells (Figure 2a) . Mean engraftment levels were significantly higher in secondary than in primary recipients for the majority of samples analyzed, suggesting that NSG mice provide an environment that facilitates the growth or survival of leukemia-initiating cells.
Engraftment from secondary into tertiary recipients retained robust levels of engraftment (Figure 2b) However, in these studies, the expansion of leukemic cells was measured relative to the amount of cells present 2 days post-injection, which was determined to be 10-100-fold lower than numbers of cells initially injected, or was reported in comparison to the frequency of SL-ICs by limiting dilution analysis of unsorted or CD34 þ CD38À sorted leukemic cells. Therefore, we next asked whether the NSG mouse model could function as a 'bioreactor' to expand human leukemic cell populations more efficiently than earlier immunocompromised animal models. Quantification of viable leukemic cells injected from AML leukopheresis samples compared with CD45 þ CD33 þ cell populations harvested from bone marrow and spleens from primary NSG recipients at 12-18 weeks indicated an average of up to 9-fold expansion of leukemic cells per recipient (Supplementary Figure 1) with up to a 16-fold expansion for some individual primary recipients. This shows that the NSG model is an improvement over earlier AML xenograft models because large quantities of human AML cells can be produced and isolated from these mice.
As mentioned earlier, engraftment variability among individual primary recipients was substantially reduced by engraftment into secondary recipients, with an overall increase in the percent of human CD45 þ CD33 þ cells engrafted among AML samples with robust NSG engraftment above 10%. Human leukemic cell expansion in secondary recipients revealed up to a 23-fold average expansion in comparison to primary recipients (Figure 2d ). Leukemic cell expansion in multiple individual mice showed that up to a 44-fold expansion of leukemic cells was achieved. Cell expansion from tertiary recipients (data not shown) was comparable to secondary recipients. It is important to note that with some AML samples analyzed, partial spleens were collected and, therefore, our results are an under representation of the total leukemic cell expansion that can be achieved in these mice. Furthermore, leukemic cell isolation from mouse livers were not included in our analysis, and preliminary data (not shown) indicate that the liver can contain substantial numbers of leukemic cells and increase total leukemic cell expansion by up to 34-fold when taken into account. In conclusion, these results show that in addition to being a more robust model of leukemic cell engraftment, NSG mice provide a microenvironment for the expansion of leukemic cells and may be a valuable resource to obtain sufficient quantities of leukemic cells for molecular and biochemical analysis.
Human leukemic cell engraftment is accompanied by the transient expansion of cytotoxic T cells and fibrosis of NSG recipient bone marrow
Despite robust cellular engraftment and expansion among some samples, not unlike earlier NS and NSB models, engraftment variability is seen among the different samples tested. We observed two biological phenomena that may contribute to the reduction in leukemic cell engraftment measured in select AML samples. First, we observed that femurs and tibias from heavily engrafted mice were white in appearance and when flushed consisted almost exclusively of pure leukemic blasts with a similar phenotype and morphological characteristics as the original sample. A representative bone marrow showing the complete replacement of marrow with leukemic infiltrate is shown in Figure 3a . However, in some samples, the abundance of leukemic cells observed at late time points post transplant caused necrosis of recipient bone marrows as shown in Figure 3b , an effect likely secondary to tumor microthrombi. There was progression to fibrosis as shown by H & E staining of cellular debris ( Figure 3c ) followed by reticulin fibrosis (Figure 3d ). Advanced stages of bone marrow fibrosis as assessed by collagen staining (not shown) were also seen and described for the first time in a xenograft model of human leukemia, a pathological observation that is also seen in patients with advanced leukemia. 17 As a result of bone marrow fibrosis, engraftment shifted to the spleen. However, despite increasing spleen engraftment, the overall leukemic cell yield from these mice was reduced because of loss of cells in the fibrosed bone marrow. The drop in bone marrow cellularity as seen with trypan blue exclusion was also reflected in a lower percentage of human CD45 þ CD33 þ cells on flow cytometry. Examples of this phenomenon are seen with AML samples 53 and 262 (Figures 1c and 2a, d; Supplementary Figure 1) .
Second, we observed a minor population of CD45 þ CD33À cells present in some leukopheresis samples used to inject primary recipients (Figure 4a, second panel) . Analysis by flow cytometry revealed that this population was positive for the pan-T-cell marker CD2 (Figure 4a, third panel) . In certain AML samples (listed by the asterisk in Supplementary Table 1) , we observed the co-engraftment of human CD2 þ cells with CD45 þ CD33 þ leukemic cells in the bone marrow and spleen of primary recipient animals ( Figure 4b, third panel) . In this representative animal, CD2 positive T cells expanded preferentially over CD45 þ CD33 þ leukemic cells (Figure 4b , second panel). We next wanted to determine the nature of the human T cells co-engrafting with the leukemic cells. Figure 4c , d, and f shows the presence of CD3, CD8, and Granzyme B positive cytotoxic T cells within the leukemic infiltrate in a spleen crosssection from a representative engrafted animal. Although CD57 staining for NK cells was also detected in the spleen (Figure 4e ), additional surface markers for CD4, CD56, perforin, TIA-1, and TCR g/d (not shown) confirmed that these populations were atypical cytotoxic T cells and not NK cells. A minor population of CD19 positive B cells was also detected in the input leukopheresis samples and primary-engrafted recipients ( Figures  4a and b) ; however, as they were not detected by histology, it is unlikely that they contributed a negative effect on the engraftment of leukemic populations in primary recipients.
To determine whether the presence of atypical human cytotoxic T cells in some leukemia-engrafted animals originated from normal hematopoietic stem/progenitor cells or from mature human T-cells present in the leukemia specimens, we compared the engraftment of a CD2-depleted primary leukopheresis sample at 12 weeks to the engraftment of human cells harvested from a non-CD2-depleted leukemia sample and transferred into a secondary recipient. Both the CD2-depleted and the undepleted samples passaged in secondary recipients engrafted with complete abrogation of the CD45 þ CD33À cell population that was seen in the primary recipients (Figures 4g and h) . These results suggest that there was a transient expansion of the patient's T cells in the leukopheresis sample and that the phenomenon was not caused by the development of T cells from engraftment of normal hematopoietic stem cells. As these cells were not stem cell derived, they were not capable of transfer to secondary recipients.
Discussion
Earlier immunocompromised mouse models of human AML have been a valuable tool for defining the biology of this disease, but have been limited in their ability to efficiently engraft leukemic cell populations and have not proven to be a robust model of human AML. The severe impairment of NSG innate immunity by targeted deletion of the IL2 receptor g-common chain and the associated prolonged life span have made them an attractive model for long-term studies of the growth and evolution of both normal and leukemic cell development in vivo. This study presents the results of a comprehensive examination of primary human leukemia engraftment from a diverse group of AML specimens in the NSG mouse strain. The percentage of samples that engraft in NSG mice is comparable to the NS model and, similarly, engraftment is more likely for samples with an Flt3 mutation. 15 However, in contrast to NS and NSB models, we observed
Bone Marrow 10x
Bone Marrow 40x
Bone Marrow 40x Bone Marrow 40x a more robust leukemic cell engraftment and expansion in the bone marrow and spleen of recipient animals, as 40% of samples provided a high level (X10%) of bone marrow engraftment. This engraftment represented the expansion of true leukemia-initiating cells as engraftment levels and cytogenetic characteristics were retained in secondary and tertiary recipients. Interestingly, the disease phenotype observed in NSG mice recapitulates features of the human disease with evidence of necrotic and fibrotic bone marrow and infiltration of leukemic cells into non-hematopoietic tissues. Overall, these results provide a comprehensive description of a more robust model of human AML using the NSG mouse strain. Several technical points should be emphasized about our results. In contrast to an earlier report describing AML engraftment in NSG mice, 13, 18 we observed low levels of leukemic cell engraftment in the peripheral blood only in the most robust engrafters. In contrast to the work by Ishikawa et al., 18 we performed IV injections into adult (48 week old) mice. It is possible that the use of adult mice as recipients alters the expression of chemokine receptors necessary to promote the movement of AML cells from the bone marrow into the peripheral blood. Engraftment analysis of samples described here using neonatal hepatic injection is underway and may clarify the critical variables in obtaining peripheral blood involvement with disease. We also noted that engraftment must be analyzed using both bone marrow and spleen. Although we have not performed sequential analysis, it seems that as the leukemia heavily infiltrates the bone marrow leading to fibrosis, the total cell yield and the level of AML engraftment in bone marrow may decrease, whereas the level of engraftment in the spleen increases. Thus, the bulk of the disease must be measured as total body load, not simply bone marrow involvement. Finally, we did not isolate leukemic cells from other mononuclear cells in preparing cells for injection and in a few cases observed engraftment of mature human T cells present in the leukemia graft. These cells have an atypical cytotoxic T-cell phenotype and could be removed by T-cell depletion before injection in mice. These adoptively transferred mature T cells could also be eliminated from the leukemia graft by transfer into secondary recipients showing that they do not arise from a normal hematopoietic stem cell. Note that we observed T-cell engraftment at 12 weeks or more in o10% of our samples suggesting that routine T cell depletion on all samples may not be necessary for these studies.
The significant difference between the NSG model and the NS model relates to the level of engraftment and expansion of AML cells in primary, secondary and, tertiary recipients. As noted, 40% of primary leukemia samples tested provided a high level of engraftment (over 10% chimerism) in the bone marrow. This increased level of engraftment represents a significant improvement over earlier immunocompromised strains and provides new opportunities for the development of new therapeutics for human AML. In addition, in some samples, we are able to increase the number of cells available for molecular or genetic studies.
Although this study represents a thorough examination of the engraftment of primary human human AML in NSG mice, differences between reported engraftment phenotypes compared with our data leave unresolved questions that the authors and others are actively investigating. Importantly, cumulative data from us and others show that the NSG mouse strain provides a substantially improved model for the study of human AML, both in the robustness of engraftment and expansion of leukemic cells, but more importantly, seems to model leukemic disease progression in human beings. This is tremendously important to the study of a disease that has with further characterization by gene expression, histone modification, and proteomics profiling, showed an immense heterogeneity between individuals and requires animal models in which to analyze disease progression in vivo.
Conflict of interest
Dr. Carroll has received research support from Sanofi Aventis Corporation.
